1. Introduction {#sec1-molecules-25-01524}
===============

Benzo\[*c*\]phenanthridines have a wide-ranging pharmacological spectrum of action. Especially cytotoxic, but also antimicrobial and anti-inflammatory effects have been previously described \[[@B1-molecules-25-01524],[@B2-molecules-25-01524]\]. Naturally occurring substances of this drug class, such as fagaronine, have been described to inhibit topoisomerase I and II by stabilizing the covalent DNA--enzyme intermediate \[[@B3-molecules-25-01524]\]. Due to poor yields and toxicological problems, synthesis of azo-analogous benzo\[*c*\]phenanthridines was previously optimized into a four step process \[[@B4-molecules-25-01524],[@B5-molecules-25-01524]\]. The synthetic products were improved to enhance physicochemical properties and cytotoxicity. In the context of possible pharmaceutical applications, the compound P8-D6 ([Figure 1](#molecules-25-01524-f001){ref-type="fig"}) exerted the best properties in terms of high photostability, solubility, and cytotoxicity in our studies.

In order to predict effects and side effects of drugs, detailed knowledge about their mechanisms of action is of great importance. We recently described P8-D6 to exert strong cytotoxic, pro-apoptotic, and anti-leukemic effects due to its ability to inhibit human topoisomerase (Topo) isoforms I and II, thus acting as a so-called "dual Topo inhibitor" \[[@B5-molecules-25-01524]\].

Topos represent well-established targets in chemotherapy and play a central role in the maintenance of DNA topology and prevention of torsion stress. Especially in metabolically active and proliferating cells, characteristics known for many tumor cells, high Topo expression is needed to allow, among other processes, the coiling and uncoiling processes that make DNA accessible to transcriptional and replicational enzymes \[[@B6-molecules-25-01524],[@B7-molecules-25-01524]\]. In humans, two main types of Topos are expressed: Topo I relaxes supercoiled DNA by inducing a single-strand break. In contrast, the ATP-dependent Topo II isoforms covalently bind to the DNA as dimers, each monomer attached to the phosphate backbone of one strand in an intermediate form known as a "cleavable complex". As a result, a transient DNA double-strand break is generated, enabling a second strand to pass through the gap, followed by religation of the DNA and the release of the Topo from covalent binding to the phosphate backbone \[[@B6-molecules-25-01524],[@B7-molecules-25-01524],[@B8-molecules-25-01524]\]. This catalytic cycle allows interference at different steps. "Catalytic Topo inhibitors" prevent the formation of the complex between Topo and DNA or---in the case of Topo II---the binding of ATP, which prevents the induction of a strand break \[[@B9-molecules-25-01524]\]. Of higher relevance regarding clinical applications are so-called "Topo poisons", which exert a higher toxicity against tumor cells. Such compounds stabilize the cleavable complex and thus inhibit the release of the enzyme and the religation of the DNA, which leads to torsion stress and potential collisions of approaching replication forks with the trapped DNA--Topo intermediates, resulting in DNA damage and consequently in cell cycle arrest, the induction of apoptosis, and cell death \[[@B10-molecules-25-01524]\]. Several Topo poisons have been approved for the chemotherapeutic treatment of different cancer types in recent decades, including the Topo I inhibitors camptothecin and topotecan \[[@B11-molecules-25-01524]\] and the Topo-II-targeting drugs etoposide and amsacrin \[[@B10-molecules-25-01524]\].

A novel, promising class of chemotherapeutics are dual Topo inhibitors, which inhibit both type I and II enzymes. The possibly lower resistance susceptibility when inhibiting both type I and II enzymes might represent the main benefit of the latter \[[@B12-molecules-25-01524]\]. However, no dual Topo inhibitors have so far been approved for clinical application.

We recently demonstrated the high capability of P8-D6 to induce apoptosis and cell death in various cancer cell lines \[[@B5-molecules-25-01524]\]. In the NCI-60 DTP Human Tumor Cell Line screening, the average growth inhibition to 50% (GI~50~) over all 60 human tumor cell lines was 49 nM, and P8-D6 was thus found to be more active than the natural alkaloids fagaronin and nitidine. This remarkable effect was also perceived in colon cancer cells, with an average GI~50~ value of 63 nM. We also reported its ability to inhibit human topoisomerase I and II under cell-free conditions, which is believed to be the main mechanism regarding its cytostatic effects. However, this hypothesis has yet to be confirmed in vitro and the exact mechanism of action has yet to be investigated.

Therefore, the aim of the present study was to confirm the suspected ability of P8-D6 to enter the nucleus, to interfere with topoisomerases, and thus to cause the induction of DNA strand breaks by stabilizing the cleavable Topo--DNA complex. For our experiments, we chose to use HT-29 colon carcinoma cells, a cell model that was used in several recent studies dealing with topoisomerases \[[@B13-molecules-25-01524],[@B14-molecules-25-01524],[@B15-molecules-25-01524]\], to ensure the comparability with previous results.

2. Results {#sec2-molecules-25-01524}
==========

2.1. Localization of P8-D6 in Cellular Compartments {#sec2dot1-molecules-25-01524}
---------------------------------------------------

After 1 h of incubation, P8-D6 was found to be taken up by the cells and to accumulate in or around the nuclei when applied at concentrations of ≥10 µM ([Figure 2](#molecules-25-01524-f002){ref-type="fig"}). This was also reflected in the quantification results of intracellular green fluorescence, which was significantly enhanced in a concentration-dependent manner for cells incubated with P8-D6 at concentrations of ≥50 µM ([Figure 3](#molecules-25-01524-f003){ref-type="fig"}).

To further investigate the question of whether P8-D6 enters the nucleus or accumulates in the perinuclear region, confocal microscopy experiments were conducted. The results supported the above reported results of the microplate reader experiments, showing cellular uptake of the compound (green fluorescence) and accumulation mainly close to the nuclei ([Figure 4](#molecules-25-01524-f004){ref-type="fig"}C). The 3D image analysis revealed the localization of a small proportion of the applied P8-D6 inside the nucleus, visible as intranuclear green dots in the orthogonal cuts ([Figure 4](#molecules-25-01524-f004){ref-type="fig"}D).

2.2. Stabilization of Topo--DNA Complexes {#sec2dot2-molecules-25-01524}
-----------------------------------------

After treating HT-29 cells for 1 h, P8-D6 was found to stabilize cleavable complexes of DNA with Topo I and with both Topo II isoforms in the "in vivo complex of enzyme" (ICE) assay. Regarding Topo I, P8-D6 increased the amount of detectable Topo--DNA intermediates at concentrations ≥1 µM ([Figure 5](#molecules-25-01524-f005){ref-type="fig"}A). The highest applied concentration (10 µM) enhanced the level of covalent DNA--Topo intermediates by 200% as compared to the solvent control (1% (*v*/*v*) DMSO), but stayed well below the increase caused by our positive control (50 µM camptothecin; \~600%). A non-significant stabilization of Topo II--DNA complexes was visible at concentrations as low as 0.01 µM P8-D6. However, due to the massive induction and corresponding standard deviations, this trend was significant for concentrations ≥1 µM only ([Figure 5](#molecules-25-01524-f005){ref-type="fig"}A). The induction exceeded by far the Topo-poisoning properties of our positive control, the chemotherapeutic agent etoposide (50 µM). P8-D6 apparently showed no preference for a particular isoform of the enzyme in HT-29 cells.

2.3. Genotoxicity {#sec2dot3-molecules-25-01524}
-----------------

An incubation of HT-29 cells with P8-D6 for 1 h caused a concentration-dependent increase of "tail intensities" in the comet assay, as a measure for the induction of DNA strand breaks. This genotoxic trend started at concentrations as low as 1 nM and reached significant levels for concentrations ≥100 nM ([Figure 6](#molecules-25-01524-f006){ref-type="fig"}). When excluding the two highest concentrations from the statistical calculation due to their extreme genotoxicity and thus high deviations, the induced DNA damage was significantly different to the damage of the solvent control at 1 nM and 10 nM as well.

3. Discussion {#sec3-molecules-25-01524}
=============

Previously, we documented the dual inhibitory potential of P8-D6 against Topo I and II under cell-free conditions, as well as its strong cytotoxic effects on multiple cell lines \[[@B5-molecules-25-01524]\]. However, the mechanism of action was not fully elucidated, leaving open research questions to be addressed.

Thus, in the present study, we assessed the mechanistic behavior of the compound in HT-29 colon carcinoma cells. Fluorescence and confocal microscopy allowed the cellular uptake of P8-D6, enrichment in the perinuclear region ([Figure 2](#molecules-25-01524-f002){ref-type="fig"}, [Figure 3](#molecules-25-01524-f003){ref-type="fig"} and [Figure 4](#molecules-25-01524-f004){ref-type="fig"}), and partial localization within the nucleus ([Figure 4](#molecules-25-01524-f004){ref-type="fig"}D) to be modeled. These results allowed the conclusion to be drawn that within cells, P8-D6 may indeed reach its potential nuclear targets, Topo I and II. Nevertheless, for therapeutic applications, the mode of interaction with the target enzyme is of utmost importance to achieve specificity and effectiveness. The ICE assay allows discernment between unbound Topo and the proportion of Topo which is covalently linked to the DNA \[[@B16-molecules-25-01524]\]. Topo poisons are expected to enhance the amount of Topo trapped in cleavable complexes with DNA \[[@B17-molecules-25-01524]\]. For example, the approved chemotherapeutic drugs topotecan and camptothecin effectively inhibit Topo I by forming a Topo--DNA intermediate, while etoposide forms this cleavable complex with Topo II \[[@B16-molecules-25-01524],[@B18-molecules-25-01524],[@B19-molecules-25-01524],[@B20-molecules-25-01524]\]. The importance of topoisomerase poisons in cancer therapy is demonstrated by their various applications, such as treatment of ovarian cancer, colon carcinoma, lung cancer, soft tissue sarcoma, or leukemia by topotecan, irinotecan, and etoposide \[[@B11-molecules-25-01524],[@B21-molecules-25-01524]\].

Our results demonstrated that P8-D6 enhances the level of these DNA--Topo intermediates for both Topo I and the Topo II isoforms at concentrations ≥1 µM ([Figure 5](#molecules-25-01524-f005){ref-type="fig"}), characterizing the compound as a dual Topo poison not only under cell-free conditions but also in human tumor cells. Considering the impact achieved on the intracellular levels of the covalent DNA--Topo intermediates, direct comparison with the Topo I poison camptothecin is difficult because of the differing concentrations, but one might speculate that P8-D6 is of similar or slightly weaker potency. Interestingly, P8-D6 showed higher potency for Topo poisoning in HT-29 cells compared to the known Topo II poison etoposide (ETO), with a 15-fold increase in cleavable complexes containing Topo IIα and a 29-fold increase for Topo IIβ, at just a fifth of the concentration (10 µM P8-D6 vs. 50 µM ETO). As ETO is a chemotherapeutic drug already approved and widely used for treatment of small-cell lung cancer and testicular cancer \[[@B22-molecules-25-01524]\], the superior efficiency of our test compound towards Topo II inhibition seems very promising for further development.

Another confirmation for the toxic potency of P8-D6 was established by measuring its genotoxic properties. Effective poisoning of Topo is expected to result in substantial DNA strand breaks, a key event for the antineoplastic properties of respective compounds. Established substances such as topotecan or etoposide have already demonstrated these important effects for tumor cell activity \[[@B23-molecules-25-01524]\]. In accordance with the results of the ICE assay, P8-D6 showed potent DNA-damaging properties in the comet assay (1 h incubation, ≥1 nM, [Figure 6](#molecules-25-01524-f006){ref-type="fig"}).

In general, selective inhibition of topoisomerase I results in an increased activity of topoisomerase II and vice versa \[[@B24-molecules-25-01524]\]. Thus, a major advantage of a dual topoisomerase inhibitor is the avoidance of certain resistance developments. Although no dual Topo inhibitor is currently approved for therapeutic use, the effect of cleavable complex stabilization and genotoxicity of this mechanism of action has been investigated for substances such as pyrazoloacridine, intoplicine, or TAS-103 \[[@B25-molecules-25-01524],[@B26-molecules-25-01524],[@B27-molecules-25-01524],[@B28-molecules-25-01524]\]. These substances showed a promising outcome on human cancer but clinical trials were stopped due to neutropenia, hepatotoxicity, or anemia \[[@B29-molecules-25-01524],[@B30-molecules-25-01524]\]. However, our compound belongs to the benzo\[*c*\]phenanthridine class, and thus exhibits different biological activities than similar potential chemotherapeutics like indolyl quinoline or acridine derivatives. This might partially be attributed to P8-D6 being more hydrophilic as compared to dual topoisomerase inhibitors already tested in clinical phase I studies. Thus, the compound should be considered a promising alternative to existing dual Topo inhibitors for clinical application.

The in vivo toxicity study on athymic nude mice indicated reversible toxic effects at a concentration of 5 mg P8-D6 kg^−1^ body weight \[[@B5-molecules-25-01524]\]. Adverse hepatotoxic effects are currently being investigated in vitro. The study at hand provides the mechanistic elucidation for P8-D6′s activity; thus, the last remaining step in the extensive in vivo testing that is planned to be conducted in further surveys examining the effect of the chemical in various entities. In addition to tumor reduction, there is a major focus in these studies on examining organ toxicity.

4. Materials and Methods {#sec4-molecules-25-01524}
========================

4.1. Chemicals, Antibodies, and Enzymes {#sec4dot1-molecules-25-01524}
---------------------------------------

P8-D6 was synthesized as recently described \[[@B31-molecules-25-01524]\]. The following antibodies, obtained from Santa Cruz (Heidelberg, Germany), were used for our experiments: anti-Topo I (sc-10783, rabbit polyclonal IgG, lot \#D414), anti-Topo IIα (sc-5346, goat polyclonal IgG, lot \#G2611), anti-Topo IIβ (sc-13059, rabbit polyclonal IgG, lot \#D2214), anti-rabbit (sc-2357, mouse polyclonal IgG, HRP-coupled, lot \#B0817), and anti-goat (sc-2354, mouse polyclonal IgG, HRP-conjugated, lot \#H2213). ECL detection reagent and nitrocellulose membranes were ordered from GE Healthcare (Buckinghamshire, UK). Agarose was purchased from Bio-Rad (Vienna, Austria), and ethidium bromide and etoposide from Sigma-Aldrich (Taufkirchen, Germany). Live Cell Imaging Solution (LCIS) and all media and supplements for cell culture were obtained from GIBCO Invitrogen (Karlsruhe, Germany).

4.2. Cell Culture and Treatment {#sec4dot2-molecules-25-01524}
-------------------------------

The HT-29 human colon carcinoma cell line was obtained from DSMZ (Braunschweig, Germany) and grown in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% (*v*/*v*) heat-inactivated fetal calf serum and 1% (*v*/*v*) penicillin/streptomycin. Media and supplements were purchased from Invitrogen^TM^ Life Technologies (Karlsruhe, Germany). Cell cultivation was performed at 37 °C, with 5% CO~2~ and under humified conditions. Cells were routinely tested for the absence of mycoplasm contamination. For incubations, P8-D6 was dissolved in DMSO and added to the incubation medium, resulting in a solvent concentration of 1% (*v*/*v*) DMSO plus final concentrations of the compound between 0.1 nM and 10 µM.

4.3. Fluorescence Imaging {#sec4dot3-molecules-25-01524}
-------------------------

In preliminary experiments, P8-D6 was found to possess fluorescent properties at an emission maximum of 530 nm. To confirm the ability of P8-D6 to penetrate cell nuclei, 8000 cells/well were seeded in black 96 well plates and allowed to grow for 48 h. Cells were then washed with pre-warmed PBS and incubated for 1 h with different concentrations of P8-D6 and a respective solvent control (1% *v*/*v* DMSO) diluted in live cell imaging solution (LCIS). Subsequently, cells were rinsed with PBS and nuclei counterstained with a "Hoechst 33258" solution containing 10 µL/mL pentahydrate (bis-benzimide) for 20 min. Next, staining solutions were discarded and cells were washed with LCIS. 100 µL/well LCIS was added and fluorescence imaging was performed using DAPI (377.4 nm/447 nm) and GFP (469.5 nm/525 nm) filters with a BioTek^TM^ Cytation^TM^3 Cell Imaging Multi-Mode Microplate Reader and the Gen5 software.

4.4. Confocal Microscopy {#sec4dot4-molecules-25-01524}
------------------------

A total 1 × 10^5^ cells were seeded in CELLview^TM^ culture dishes and allowed to grow for 48 h, following a 1 h incubation with the test compounds or the solvent control (1% *v*/*v* DMSO) diluted in LCIS (supplemented with 10% FCS). Cells were washed with DPBS and then stained for 20 min with a mixed staining solution containing Hoechst 33258 and CellMask^TM^ deep red. Subsequently, cells were washed twice with PBS, and clean LCIS was added to the dishes for microscopy. Confocal microscopy was conducted with a Confocal LSM Zeiss 710 equipped with the ELYRA PS.1 system, a Plan-Apochromat 63×/1.4 oil objective (zoom 2×) using three lasers. P8-D6 was detected at 488 nm (green), cell membranes at 647 nm (CellMask^TM^, deep red), and nuclei at 405 nm (DAPI, blue).

For image analysis, random cells were selected using only the DAPI channel to exclude a biased cell selection. Afterwards, 3D images were reconstructed using the Zeiss Zen software.

4.5. In Vivo Complex of Enzyme (ICE) Assay {#sec4dot5-molecules-25-01524}
------------------------------------------

ICE assay experiments were carried out as previously described by Subramanian et al. \[[@B16-molecules-25-01524]\]. In brief, Petri dishes (diameter 10 cm) were used to grow 6.5 × 10^6^ HT-29 cells for 48 h, followed by 1 h incubation with different concentrations of P8-D6 or respective controls. Subsequently, cells were washed with PBS, lysed, and harvested. The lysate was put on a density gradient (0.75--1.6 mg/mL cesium chloride) and centrifuged at 100,000 *g* for 20 h to separate the heavier Topo--DNA complexes from the lighter free Topos. Fractions of the gradient were blotted on a nitrocellulose membrane, which were after blocking treated with HRP-coupled antibodies to later detect Topo I and both Topo II isoforms using chemoluminescence. Pictures of the membranes were captured with a LAS-4000 imager (Fujifilm Life Science, Cleve, Germany).

4.6. Single Cell Gel Electrophoreses ("Comet Assay") {#sec4dot6-molecules-25-01524}
----------------------------------------------------

The comet assay was performed according to the guidelines of Tice et al. \[[@B32-molecules-25-01524]\], as recently described \[[@B33-molecules-25-01524]\]. Briefly, 1.5 × 10^5^ HT-29 cells were seeded in Petri dishes (diameter 3.5 cm). After 48 h growth in complete medium, cells were incubated with different concentrations of P8-D6 and the solvent control (1% (*v*/*v*) DMSO) in FCS-free DMEM for 1 h. To gain a positive control, one Petri dish incubated with 1% (*v*/*v*) DMSO was subjected to UV-B radiation (31.2 J, 1 min). Afterwards, all dishes were washed twice with PBS and the cells were harvested using trypsin. Cell viability was checked using trypan blue exclusion. For each sample, an object slide with two agarose pads was prepared, each containing 30,000 embedded cells. After lysis by using a buffer containing Triton X and lauroyl sarcosinate, the slides were washed with PBS and subsequently equilibrated in alkalic electrophoresis buffer (pH 13) for 20 min at 0 °C. Electrophoresis was carried out for 20 min at 25 V, 300 ± 3 mA, 0 °C. Afterwards, slides were neutralized and stained with ethidium bromide (0.02 g/mL in water). Subsequently, microscopy was carried out using a Zeiss Axioskop (λ~ex~ = 546 nm; λ~em~ = 590 nm) and obtained images were analyzed using the "Comet Assay IV" software (Perceptive Instruments, Suffolk, UK) to score the tail intensity of 100 nuclei per slide.

5. Conclusions {#sec5-molecules-25-01524}
==============

Taken together, the results of the present study demonstrated that P8-D6 acts as a dual Topo poison in human colon cancer cells. The observed potency for the stabilization of the DNA--Topo intermediate and for DNA breakage supports the hypothesis that dual Topo poisoning plays a central role in the previously observed potent antineoplastic activity of P8-D6 in vitro, and demonstrates the compound's high potential for chemotherapeutic use.
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![Chemical structure of P8-D6 (6-(*N,N*-dimethyl-2-aminoethoxy)-11-(3,4,5-trimethoxyphenyl)pyrido\[3,4-*c*\]\[1,9\]phenanthroline hydrochloride).](molecules-25-01524-g001){#molecules-25-01524-f001}

![Fluorescence images of HT-29 cells after 1 h incubation with either the solvent control (**A**) or 50 µM P8-D6 (**B**), taken with a BioTekTM CytationTM3. The upper pictures show just the nuclear staining with Hoechst 33258, pictures at the bottom show a combined image of nuclear staining and P8-D6 auto-fluorescence at 525 nm.](molecules-25-01524-g002){#molecules-25-01524-f002}

![Quantified fluorescence signals of the stained DNA in HT-29 cells after an incubation of 1 h with P8-D6 at concentrations between 0.01 μM and 100 μM, expressed relative to the solvent control. Values are expressed as mean + SD of at least three independent biological experiments. Statistical significances (*p* \< 0.05) were calculated by applying one-way ANOVA to green/blue test/control values, followed by Fisher's Least Significant Difference (LSD) test, with "a" indicating a difference to the respective no-effect level with *p* \< 0.05.](molecules-25-01524-g003){#molecules-25-01524-f003}

![Confocal microscopy images of HT-29 cells, incubated with a solvent control (**A**,**B**) or 10 µM P8-D6 (**C**,**D**), with red staining for plasma membranes, blue for nuclear structures, and green as the auto-fluorescence of P8-D6. (**A**) and (**C**) show the central layer of the z-stacked structured illumination microscope (SIM) images, (**B**) and (**D**) shows a rendering of the images including the orthogonal cut view, where the nuclear residence of P8-D6 is visible in the top left corner of 4D.](molecules-25-01524-g004){#molecules-25-01524-f004}

![Stabilization of cleavable complexes in HT-29 cells after 1 h incubation with P8-D6, as measured with the ICE assay for (**A**) Topo I, compared to camptothecin (50 µM), and (**B**) Topo IIa and IIb, compared to etoposide (50 µM). Graphs show the results of at least five independent experiments, expressed as mean + SD and relative to the solvent control. Below the graphs, images of representative membranes are displayed. Significant differences were calculated by one-way ANOVA, followed by Fisher's LSD test. "\*", "\*\*", and "\*\*\*" indicate a significant difference to the respective no-effect level with *p* \< 0.05, 0.01, and 0.001, respectively. The significant difference between solvent and positive control was calculated using Student's *t*-test (*p* \< 0.05) and is indicated with "\#".](molecules-25-01524-g005){#molecules-25-01524-f005}

![The induction of DNA strand breaks, measured in HT-29 cells by comet assay after 1 h incubation with P8-D6. Graphs show the tail intensity (a measure of genotoxicity) as mean + SD of at least five independent experiments, with UV-B radiation as positive control. Significant differences to the solvent control were calculated by one-way ANOVA followed by Fisher's LSD test, and are indicated with "\*" (*p* \< 0.05), "\*\*" (*p* \< 0.01), and "\*\*\*" (*p* \< 0.001), respectively. The values marked with "°" were not significantly different from the control when ANOVA was conducted with the full data, but became significant when the two highest concentrations of P8-D6 were excluded due to the high deviations at those concentrations. The significant difference between solvent and positive control was calculated using Student's *t*-test (*p* \< 0.05) and is indicated with "\#".](molecules-25-01524-g006){#molecules-25-01524-f006}
